and angiotensin in man. Clin Sci 30: 267, 1966 29. FINNERTY FA, BUCHOLZ HJ, GUILLANDEN RL: Blood volumes and plasma protein during levarterenol-induced hypertension.
The relationship between left ventricular filling pressure and plasma colloid osmotic pressure to pulmonary edema was examined in a group of 37 patients, the majority of whom were hypovolemic. Sixteen patients developed pulmonary edema during fluid infusion.
In the 21 patients who did not develop pulmonary edema, the left ventricular filling pressure was slightly elevated but the colloid osmotic pressure was not reduced. The majority of these patients were treated with colloid solutions (group I).
In five of the 16 patients who developed pulmonary edema, the left ventricular filling pressure was elevated and there was no reduction in the plasma colloid osmotic pressure. These patients received only colloids (group II).
In the other 11 patients who developed pulmonary edema, the left ventricular filling pressure was normal but the plasma colloid osmotic pressure was reduced to 16 ± 2 torr (group III). The colloid osmotic pressure in this group was significantly less than in the other two groups (P < 0.01). Most of these patients received large volumes of crystalloid solutions. After administration of furosemide, clearing of pulmonary edema in this group was associated with normalization of the plasma colloid osmotic pressure.
Infusion of large volumes of crystalloids in hypovolemic patients can be hazardous, for reduction of the plasma colloid osmotic pressure may predispose to the development of pulmonary edema even when the left ventricular filling pressure remains normal. pULMONARY EDEMA (PE) has emerged as a frequent complication in critically ill patients. The development of PE most often has been attributed to either "hemodynamic" changes, i.e., elevation of the left ventricular filling pressure (LVFP), or increased capillary permeability.' Attempts to distinguish between these two mechanisms of pulmonary edema have proven difficult. 2 Overexpansion of the intravascular volume may also lead to the development of PE' and this has been implicated in the pathogenesis of "shock lung."' The PE which occurs during volume expansion has been classified as "hemodynamic," i.e., due to elevation of LVFP. However, LVFP is only one of several factors influencing fluid exchange across the capillary. Other factors which were defined by Starling' more than half a century ago include the plasma colloid osmotic pressure (COP), the pericapillary interstitial hydrostatic and colloid osmotic pressures, and the filtration coefficient. Recently it has become feasible to routinely measure COP6 in a clinical setting.
The purpose of this study was to examine the factors involved in the development of PE in a group of critically ill patients, the majority of whom presented with hypovolemia. These patients were treated with crystalloids and/or colloid solutions. The higher incidence of PE which occurred following administration of large volumes of crystalloids, with normal or borderline normal LVFP and reduced COP, suggests that reducing COP during volume loading contributes to the development of PE.6
Materials and Methods
Patients
Fifty-three patients with suspected hypovolemia were admitted to the Critical Care Ward between May 1971 and November 1973. All of these patients received a fluid challenge (FC) in an attempt to reverse their problem. Among this group there were 37 patients who presented with clear lung fields both clinically and radiographically, and in whom sequential measurements of the COP and LVFP were available. These patients constitute the subjects of this study. Three of these patients had a FC on two occasions.
Sixteen patients developed PE during the course of fluid infusion. PE was diagnosed clinically in most patients, and was confirmed in all by chest radiographs which were routinely obtained following FC. Eight of these patients had clinical and hemodynamic signs of circulatory shock prior to treatment, including mental confusion, mean arterial pressure of less than 60 torr, urine output less than 20 ml/hour, and arterial blood lactate in excess of 2 mM/L. Five additional patients were hypotensive and oliguric prior to the FC but did not have an elevated blood lactate. Hypovolemia was suspected in two other patients on the basis of oliguria following substantial blood loss during surgery (case 3) and oliguria associated with dehydration and hyperosmolar coma (case 12). In one instance (case 13) the patient had inappropriate ADH and hypovolemia was not a factor. In all cases the LVFP was low or normal prior to the FC. Clinical data are summarized in table 1.
Methods
Patients were given either colloids or crystalloids with the exception of two patients (cases 8 and 9) who received both. The choice of fluids was at the discretion of the attending physician.
The fluids were administered by a standardized FC technique.7 Aliquots of 50-200 ml of fluid were infused intravenously over intervals of 10 min with the aid of an automated pump. The pulmonary artery systolic and diastolic pressures were monitored continuously. In addition, pulmonary artery wedge pressure was measured at 10 min intervals after infusion of each aliquot. The end points of the FC were: 1) elevation of mean arterial pressure to > 70 torr and/or; 2) increase in urine output to > 30 ml/hr; 3) increase in pulmonary artery diastolic pressure to 25 torr or pulmonary artery wedge pressure to 22 torr; 4) evidence of dyspnea or moist rales. Procedure An 8 inch Longdwell catheter (#6723 Becton Dickinson Company) was inserted percutaneously into the femoral artery by the Seldinger technique. In 36 patients, a double lumen radio-opaque flow-directed balloon catheter (Swan-Ganz catheter #93/111/7F and 93/111/5F Edwards Laboratory) was surgically inserted into the antecubital vein and advanced into the pulmonary artery for pulmonary arterial and capillary pressure measurements.8 Left ventricular end-diastolic pressure was measured in one patient after percutaneous insertion into the femoral artery of a #5 F 100 Cook open end, reversed loop, teflon catheter. In all instances, the position of the catheter tip was confirmed both by pressure recordings and chest roentgenograms. The catheters were connected to Statham P23Db transducers. The zero pressure reference was at the midchest level. The signals were transmitted to a Xerox Data Sigma 5 computer for processing and display.9 Cardiac output was obtained by the indicator dilution method utilizing a Gilson densitometer, model #DT1, and the output was calculated utilizing the digital computer.'0 Colloid osmotic pressure was measured with a transducer membrane system, utilizing a modification of methods proposed by Prather et al.`A Diaflow R ultrafilter 1OPM30 (Amicon) was rigidly mounted above an airtight saline chamber. The membrane is specified to be impermeable to molecules larger than 30,000 MW. The oncometer incorporated a Statham P23Db strain gauge pressure transducer in conjunction with a differential amplifier of our own design and Hewlett-Packard Model 7100 BM 10 inch recorder. The transducer was calibrated from 0 to 40 torr by use of a saline column and precisely spaced platforms; the fluid column was lowered in steps of 13.6 cm (10 torr). Zero reference was obtained by pipetting 0.3 ml of saline solution into the chamber above the membrane. Since the lower chamber also contained saline there was no osmotic gradient across the membrane. The saline was then absorbed with a pledget of gauze and 0.3 ml of the patient's plasma was obtained from blood anticoagulated with sodium heparin in amounts of less than 100 units/ml. All made at room temperature, ranging from 25 to 280C.
The validity of the method was confirmed by measurements of colloid osmotic pressure of crystaline bovine albumin in concentrations of 1 to 7% and by measurements on normal ambulatory and supine subjects. Within the range of 3 to 6 gm %, a linear relationship was demonstrated between bovine albumin concentration and colloid osmotic pressure [F(2, 4) = 1.340, P > 0.10]. In 19 ambulatory subjects, colloid osmotic pressure was 25.4 ± 2.3 torr and in 14 subjects who had been at bed rest for more than 12 hours, colloid osmotic pressure was 21.6 ± 3.6 torr. These results are comparable to those previously reported.12 Refrigerated 5% human serum albumin (Hyland Laboratories) was used as a reference prior to each measurement. Stability and reproducibility of the reference measurements were demonstrated over a ten month period; the mean colloid osmotic pressure of 45 reference measurements was 19.3 torr and the maximum deviation was less than ± 1 torr. Duplicate measurements on 40 samples in which colloid osmotic pressure ranged from 4 to 29 torr revealed an average difference of less than ±0.1 torr and a correlation coefficient of 0.999.
Coincident with the hemodynamic and COP measurements, chest roentgenograms were obtained in the supine position at a tube-chest distance of approximately 40 inches. Films were obtained prior to fluid infusion and after maximum volume loading. Effects of furosemide were also evaluated with the aid of chest roentgenograms. Films were independently analyzed by a staff radiologist who had no knowledge of treatment. The severity of PE was graded according to the criteria of Turner et al. " as: 0, normal pulmonary vessels with orderly tapering toward the periphery; 1+, equal perfusion of upper and lower lung zones; 2+, minimal interstitial prominence and perivascular edema insufficient to obliterate vascular markings; 3+, prominent interstitial markings (Kerley's B lines) and diffuse reticular pattern with obliteration of the vascular markings; and 4+, bilateral confluent shadows of relatively uniform density but ill defined margins.
Circulation. Volume 52, September 1975 Plasma volume was measured using radio-iodinated human serum albumin (RI12SA, RI`3SA). Red cell mass was measured using`1CR. Isotope activity was determined at intervals of 15, 25, 35, and 45 min, with subsequent extrapolation of the RISA values to zero time by methods previously reported.T otal bloou volume was estimated on 57 occasions. In 51 instances, red cell mass was measured concurrently with that of plasma volume and in six instances, total blood volume was computed from the RISA plasma volume and hematocrit by a formula previously validated."'
The Student's two tailed t-test was used for statistical comparison of the data.
Results
The LVFP, COP and the COP-LVFP gradient for all 40 FC are summarized in table 2.
The patients were divided into three groups: group I, patients who remained free of PE; group II, patients who developed PE and in whom the LVFP was . 18 torr; group III, patients who developed PE and in whom the LVFP was normal. The hemodynamic, COP and radiographic data for the 16 patients who developed PE are detailed in table 3. The initial COP was reduced in eight patients who developed PE; however, the mean COP was not significantly different in the three groups of patients before FC. Following FC, the COP was significantly lower in group III patients (P < 0.01) (table 2).
The fluid balance of the sixteen patients who developed PE is summarized in table 4. It is noteworthy that nine of the 11 patients in group III received crystalloids averaging 4930 ± 2520 ml. This was in contrast to patients who developed hemodynamic PE (group II) and those who did not develop PE (group I), who received predominantly colloids and in whom the COP increased slightly.
A further analysis was carried out by comparing the hemodynamic and COP measurements in patients who received only crystalloids with those who received only colloids. Patients 8 and 9, who received both crystalloids and colloids, were excluded from this analysis. PE occurred in seven of ten instances when the FC was only with crystalloids ( fig. 1 ). However, in the 28 instances in which the FC was with colloids only, PE developed in only seven instances (P < 0.001). Both the duration of the FC and the volume load among the patients who developed PE while receiving crystalloids were significantly greater (P < 0.001) than among patients who received colloids. LVFP, COP and COP-LVFP values also were assessed midway through the FC in each patient who received crystalloids. There was no significant difference between these measurements midway through the FC and those at the completion of the FC.
Patients who received crystalloids developed PE *Pulmonary edema was graded roentgenographically 0 to 4 according to the criteria of Turner, Lau and Jacobson.'3 All cases were graded 0 prior to volume loading.
Abbreviations: COP = plasma colloid osmotic pressure; LVFP = left ventricular filling pressure; COP-LVFP = colloid osmotic pressure-left ventricular filling pressure gradient; SD = standard deviation. with a significantly reduced COP (P < 0.01) and normal LVFP, while those who received colloids developed PE with an elevated LVFP (P < 0.001).
Common to both groups who developed PE, however, was the significant reduction in the COP-LVFP gradient (P < 0.02) (table 5).
Following diuresis induced by furosemide, and concurrent with clearing of the PE, a return to a normal COP was noted in five of six patients who received . 2) . The COP-LVFP gradient returned to normal in all four patients in whom these simultaneous measurements were available. Five of the patients whose PE cleared with furosemide survived; the other patients continued to deteriorate with progressive respiratory failure until death. The cardiac index increased from 1.8 ± 0.7 L/min/m2 to 2.1 + 0.7 L/min/m2 in patients in group II, and from 1.9 ± 0.8 L/min/m2 to 2.8 ± 1.0 L/min/m2 in patients in group III. However, the in- Comparison of incidence of pulmonary edema, volume infused and duration of fluid challenge, colloids versus crystalloids. Abbreviations: COP = plasma colloid osmotic pressure; LVFP = left ventricular filling pressure; COP-LVFP = colloid osmotic-left ventricular filling pressure gradient; N = number of patients; SD = standard deviation; NS = not significant.
The two patients who received both crystalloid and colloid are not included in this table. crease in cardiac index only was significant (P < 0.05) in group III patients.
Before FC the blood volume averaged 70 + 14 ml/kg in 17 patients who remained with clear lungs and 66 ± 16 ml/kg in 12 patients who later developed PE. Following FC, the blood volume increased to 74 ± 16 ml/kg in 18 patients without PE and to 79 ± 19 ml/kg in ten patients who developed PE. There was no significant difference between the two groups either prior to or following the FC. Discussion PE due to volume overloading is usually considered to be of the " hemodynamic" type and directly related to elevation in LVFP.' Our observations are at variance with this, however, for in the majority of Effect of diuretics on pulmonary edema clearance and colloid osmotic pressure in six patients in group III.
Circulation, Volume 52, September 1975 patients who developed PE the LVFP either remained within normal limits or was borderline normal. The development of PE in these patients thus would appear to be attributable to factors other than elevated LVFP.
The COP was lower than the values observed in normal supine subjects, even prior to FC in eight of our 16 patients. This initially low COP may have contributed to the development of PE by reducing the COP-LVFP gradient. A reduced COP is commonly noted among the critically ill patients admitted to our unit.' Several factors may contribute to this low COP: hypoalbuminia secondary to chronic illness, prior administration of crystalloid fluids, or an alteration in capillary permeability.
In those patients who developed PE after receiving crystalloids, the degree of PE, as assessed by chest radiographs, paralled the changes in COP. There was a significant decrease in the COP when PE developed. Subsequently, when the PE cleared in six patients after diuresis, there was a concurrent increase in the COP. This is consistent with the observation that reduction in COP is a factor in the development of PE, and increases in COP accompany reversal of PE. 16 In the majority of patients, however, the PE could not be reversed despite administration of furosemide and progressive respiratory failure occurred. The PE in these patients might be viewed as a form of "shock lung."2 Whether the reduction in the COP was contributory to the fatal outcome is the subject of additional study.
Based on Starling's definition of the forces which regulate fluid exchange across the capillary membrane, the reduction in COP could not, by itself, account for the appearance of PE, since the COP exceeded the LVFP in patients who received crystalloids.
The Starling equation' states that:
where K is the filtration coefficient in milliliters per second per centimeter2 per torr, Pc is the capillary hydrostatic pressure in torr,irif is the osmotic pressure of the interstitial fluid proteins in torr, Pif is the pericapillary hydrostatic pressure in torr, and 7rp, is the osmotic pressure of plasma proteins in torr (COP). The capillary hydrostatic pressure normally ranges from 4 to 12 torr. The COP averages 25 torr in ambulatory subjects and 22 torr in supine patients without serious illness.' The oncotic hydrostatic gradient within the pulmonary capillaries normally ranges from 18 to 10 torr and tends to retain fluid within the intravascular compartment.
The value of 7rif is derived from measurements of : In a recent comprehensive and critical review, Staub17 concluded that although there were good theoretical reasons as well as substantial indirect evidence for a negative pulmonary interstitial pressure, there was considerable question whether valid measurements of interstitial pressure had been obtained. According to his hypothesis, the forces at the pulmonary capillary membrane are not balanced to zero. Staub postulated that there is a slight positive pressure gradient favoring flow of intravascular fluid into the pulmonary interstitium with the fluid then being cleared by the lymphatics. Lymphatic drainage increases when water accumulates in the interstitial space, and drainage is apparently facilitated by ventilatory movements. 24 Although the lymphatics remove protein and some interstitial water, they are apparently unable to rapidly remove the large volumes of water which accumulated during PE. In this sense, PE may be envisioned as a state of relative lymphatic insufficiency. Alterations in capillary permeability have been implicated in both experimental and clinical studies of the mechanisms of PE.", 2, 24-26f Whether this was the cause in our patients in whom increases of LVFP failed to account for PE cannot be established at present.
Of the factors identified by Starling relating to fluid exchange across the capillary membrane, only two can presently be quantitated in patients: intravascular pressure and COP. On the basis of available evidence, these are likely to be useful for differentiating between causes of PE. Guyton and Lindsey27 experimentally demonstrated that lowering of COP was a cause of PE. In dogs, PE was induced by increasing left atrial pressure to values above 25 torr with the use of an aortic clamp. Plasma proteins were maintained at normal concentrations. The severity of the PE was measured as the ratio of dry-to-wet lung weight. The severity of the PE was proportional to the relative in-crease in left atrial pressure. In complementary experiments, the concentration of plasma proteins was reduced to half by plasmaphoresis. Under identical experimental conditions, PE was induced when the left atrial pressure exceeded only 11 torr. The severity of PE was proportional to the gradient between plasma COP and left atrial pressure. These findings demonstrated the importance of the relationship between plasma COP and hydrostatic pressure in the development of PE.
Similar experimental data were reported by Levine et al.`' However, in contrast to Guyton' s findings, these investigators could not confirm a linear relationship between the water content of the lungs and the COP-LVFP gradient. A nonlinear relationship also was noted by McMasters2' in subcutaneous tissue. He demonstrated that the interstitium became more compliant as pericapillary pressure increased and fluid accumulated in excess of that predicted by the Starling equation.
The relationship between COP and LVFP, which was shown to be important in the genesis of PE experimentally, 9, 23, 24, 27 also appeared to be a factor in the PE that followed acute myocardial infarction recently reported by our group"' as well as in our current patients. The nonlinearity of this response indicates that concurrent changes in the interstitial force and/or lymphatic drainage also are significant. In that context, the supine position of our patients throughout much of their course also merits consideration in evaluating the factors contributing to the development of PE. As a consequence of impaired ventilation secondary to the increased closing volume and localized atelectasis, lymphatic drainage from the dependent portions of the lung would tend to be reduced. Interstitial edema thus might increase by a mechanism not represented in the Starling equation. 26 The measured blood volume increased after FC in patients who developed PE as well as in those who did not. However, there was no significant difference in the blood volume in these two groups of patients. The failure of the blood volume to increase disproportionately in patients who developed PE might be attributable to sympathetic activity, with resulting egress of plasma from the intravascular compartment into the systemic interstitial space.28 29
Conclusions
Infusion of large volumes of crystalloid solutions in the critically ill patient may result in pulmonary edema in the absence of pulmonary venous hypertension. Measurements of the left ventricular filling pressure, therefore, may not alert the clinician to the development of this complication, since left ventricular filling pressure may be normal in many of these patients. The presence of pulmonary edema may first be detected by the appearance of moist rales or evidence of pulmonary overload on the chest radiograph. Since a reduction in plasma colloid osmotic pressure may be a contributing factor, its measurement, with calculation of the colloid osmotic pressure-left ventricular filling pressure gradient, provides additional information as to the risk of pulmonary edema in patients who are receiving large volumes of crystalloids.
When large volumes of fluid are required it is safer to administer colloids initially to correct the intravascular depletion. Our data indicate that the use of colloids maintains plasma colloid osmotic pressure, reduces the volume of fluid required for correction of hypovolemia, and decreases the risk of pulmonary edema.
